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Abstract 
In industrial practice, the generation of a desired surface integrity of high performance components is still an iterative process based 
on experience. Despite the findings of researchers correlating the process parameters with the resulting surface integrity, until 
today, it is not possible to deduce the required process parameters from a given desired surface integrity. This inverse problem shall 
be addressed by a new approach focusing on process-independent correlations between the thermo-mechanical loads within the 
workpiece material and the resulting material modifications. The concept of Process Signatures, which aggregate information on 
material modifications caused by the physical conditions to which a material is subjected to on different levels of scale, are a 
promising strategy to achieve a knowledge-based solution of the inverse surface integrity problem. This paper presents the current 
understanding regarding the identification of Process Signatures as well as their potential for future application in practice. 
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1. Introduction  
The state of the surface integrity [1] strongly 
influences the functional performance of components. 
Functional properties such as wear resistance [2] and/or 
fatigue strength [3] are dependent on surface and 
subsurface properties such as roughness, hardness, and 
residual stresses. Thus, the prediction of the surface 
integrity resulting from machining a certain workpiece 
material is of high relevance for academia and industry. 
For selected processes, numerical [4,5,6] and analytical 
[7,8] models allow for a choice of suitable process 
parameters without iterative or experience-based 
preliminary experiments. However, even this approach is 
based on the input of quantities such as geometries and 
kinematics of the process and the subsequent assessment 
of the changes of surface and subsurface properties (e.g. 
modifications of the microstructure, and/or hardness 
alterations). The selection of process parameters based 
on a given desired surface integrity of a component is an 
unsolved problem (inverse problem in manufacturing)
until today. 
The idea of developing a new understanding 
regarding the correlations between the loads during a 
manufacturing process and the material modification by 
means of Process Signatures was first presented in 2011 
[9]. An energy-based approach was suggested to achieve 
a high level of process-independence. Indeed, the input, 
conversion, and dissipation of energy are the main 
aspects of a causal sequence leading to a specific 
modification of the material.  
On a more practical level, the external thermal, 
mechanical and chemical loads during manufacturing 
processes cause a specific internal material load and 
thus, changes of the workpiece material. The energy 
input e.g. can be characterized by the forces or heat flow
leading to strains and temperature gradients within the 
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material. Based on the specific cutting power Pc’’ and 
considerations of the moved heat source based on Jaeger 
and Carslaw [10], the internal loads caused by energy 
input and dissipation due to thermal external loads in a 
grinding process can be calculated. The mechanical 
loads (forces) allow for calculation of the strain and 
stress distribution in the subsurface layers [8,11]. Figure 
1 indicates that this causal sequence itself is independent 
from the chosen manufacturing process. The 
modification of the surface and subsurface properties is a 
result of changes of one or more state variables such as 
hardness, residual stresses or microstructure. 
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Fig. 1. Causal sequence of two processes with different action 
principles (according to [Bri11], modified) 
To a large extent, even today undesired changes of 
state variables (material modifications) are avoided by 
preliminary experimental tests. Figure 2 presents an 
approach, which allows for comparably low 
experimental effort. By a continuous increase of the 
depth of cut in a face grinding process and subsequent 
analysis of the surface and subsurface properties, the 
limits of damage-free grinding were derived. 
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Fig. 2. Identification of the limits of damage-free manufacturing by 
grinding tests with a continuously increasing depth of cut. 
 
Another approach has been presented by Malkin and 
Guo [12], who were able to show that the critical 
specific energy, which defines the onset of grinding 
burn, follows a straight line if plotted versus deq1/4 ae-3/4 
vw-1/2 in mm-1 s1/2. The application of these 
considerations allows for the prediction of grinding 
regimes in which undesired material modifications can 
be avoided. This work has to be highlighted, as the 
authors succeeded in identifying a process-parameter-
independent threshold based on energy considerations 
(figure 3). Thereby, critical temperatures can be 
assessed, which lead to grinding burn. 
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Fig. 3. Energy-based function correlating the specific process effects 
with the occurrence of grinding burn (according to [12] and [13], 
modified) 
However, since only binary statements (grinding 
burn / no grinding burn) are possible and no conclusions 
regarding depth effects can be drawn, the force of 
expression of this approach is limited. Furthermore, the 
absolute (critical) temperature is not a suitable measure 
for the reliable prediction of material modifications. 
Nevertheless, the model by Malkin and Guo addresses a 
process-parameter-independent correlation between the 
loads within the material during grinding and the 
resulting material modifications. Moreover, the model 
allows for deducing information on suitable process 
parameters. This is one of the key issues, when it comes 
to the solution of the inverse problem.  
2. Process Signatures 
One of the fundamental thoughts leading to the idea 
to develop and analyze Process Signatures of 
manufacturing processes is that each process is 
characterized by a specific combination of acting loads. 
Purely thermal, mechanical, chemical effects or a 
combination of these are responsible for the resulting 
state of surface and subsurface properties. Processes 
characterized by one main effect are e.g. deep rolling 
(mechanical main effect [14]), EDM (thermal main 
effect [15]), and ECM (chemical main effect [16]). 
Moreover, many manufacturing processes are based on a 
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combination of thermal and mechanical effects (e.g. in 
conventional grinding [17] or cutting [18], c.f. figure 4).  
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Fig. 4. Acting loads of selected manufacturing processes 
One observation which can be made comparing the 
potential of those different manufacturing processes to 
generate a certain surface integrity is summarized in 
figure 5: despite completely different effects of the 
processes, identical material modifications by means of 
hardness alterations and residual stress depth profiles 
can be achieved.  
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Fig. 5. Identical surface integrity is achieved by processes with 
different (main) types of external loads 
This result reconfirms that materials are not sensitive 
to a certain kind of process but to a specific combination 
of loads. Thermal and/or mechanical loads are able to 
lead to the same changes within the material (e.g. work 
hardening, induction of residual stresses). For selected 
processes, an energy-based and parameter-independent 
description of the material modifications is possible even 
today. Analogously to the considerations made by 
Malkin and Guo regarding grinding burn, desired 
material modifications caused by thermal external loads 
in laser hardening and grind hardening can also be 
compared on an energy-based description correlating the 
applied process power with the contact time (figure 6).  
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Fig. 6. Working area of two different processes for surface hardening 
(according to [19] and [20]) 
Again, these considerations indicate that material 
modifications can be analyzed at a process-independent 
level, but the statements have a binary character and no 
depth information can be derived.  
Process Signatures aim on the assessment of the 
complete causal sequence covering all relevant 
mechanisms leading to the material modifications. 
However, a sole energy-based approach would neglect 
process specific boundary conditions which give rise to 
the internal loads state of the material that is ultimately 
responsible for the initiation of material modifications. 
Figure 7 reveals the external and internal mechanical, 
thermal and chemical loads such as strains, temperature 
gradients, and chemical properties responsible for 
changes of state variables. 
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Fig. 7. Causal sequence of energy input, dissipation, material loading 
and material modification. 
To achieve an advanced level of correlation between 
the process loads and the material modifications, the 
fundamental mechanisms leading to a change of one or 
more state variables must be understood. Furthermore, 
the relevant effects have to be analyzed on different 
scale levels. Most state variables show scale-dependent 
behavior comparable to residual stresses, which are 
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subdivided into stresses of three different types [21]. 
Type I residual stresses are averaged over a number of 
grains within the microstructure. Type II residual 
stresses are averaged over one single grain, whereas  
type III residual stresses are inhomogeneous over a 
single grain. The ability of process loads to cause a 
certain material modification is influenced by the 
considered scale. Furthermore, at identical external and 
internal loads, material modifications might occur at 
different scales. Consequently, the identification of 
Process Signatures implies the knowledge of scale 
effects.  
The current view regarding the concept of Process 
Signatures includes the relevant aspects of process-
induced material modifications. As indicated in figure 8, 
the signature of a process can be described as a 
collection of specific loads during a process which must 
be correlated with the changes of state variables 
(including depth information) at different scale levels.  
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Fig. 8. Process Signatures as a tool to summarize the changes of 
relevant state variables dependent from the process loads on different 
scales. 
The changes of state variables have to be correlated 
with the process loads. Not all of these loads are easy to 
assess during the process. For a systematic approach, the 
empiric results must therefore be complemented by 
numerical and analytical models. The main areas of 
research needed to identify and apply Process Signatures 
consequently are: 
• manufacturing technologies (processes), 
• metrology (process loads and changes of state 
variables), 
• as well as modelling and simulation (correlation 
of process parameters, process loads and 
changes of state variables). 
 
The multi-disciplinary character of the topic of 
Process Signatures allowed for rather small progress in 
this field of research within the past. In the last few 
years, an initiative from experts of the relevant areas of 
science started a collaboration to overcome this 
situation. The shared ideas of researchers from Bremen, 
Aachen and Oklahoma led to the conclusion that Process 
Signatures might be a powerful tool to enable a deeper 
understanding of the mechanisms responsible for the 
generation of the surface and subsurface properties. As a 
result, the disciplines will continue their work on this 
topic to verify the addressed working hypotheses and the 
applicability of Process Signatures in industrial practice.  
2.1. Future Application of Process Signatures 
The mechanism-oriented selection of manufacturing 
processes will be an enabler to predict the surface 
integrity and the functional performance of components. 
Furthermore, the knowledge of the process loads 
required to generate a desired surface integrity will allow 
for the right choice of the process and process chains 
along with the technological parameters. In case that 
different processes (e.g. grinding or cutting) are able to 
generate the demanded process loads, Process Signatures 
will indicate that the process chain for the production of 
a component can be varied in a most efficient way. 
Based on criteria such as energy-efficiency or 
availability of corresponding machine tools, the optimal 
combination of manufacturing processes can be chosen 
in advance.  
Comparable to the usage of the “surface integrity 
symbol” () as proposed in the 1986 American National 
Standard on surface integrity [22], the required Process 
Signature (PS) can be specified already in the design 
drawings neglecting the type of manufacturing process 
(see figure 9). Based on the knowledge regarding the 
correlations between the internal loads and the material 
modification, the relevant quantities can be given in 
advance. The required Process Signature would be 
compared to the specific Process Signatures of different 
processes with varied process-parameters. Remarkably, 
it should be possible to generate the desired surface 
integrity by applying Process Signatures, which differ in 
“irrelevant” fields . As a result, completely different 
processes should be suitable to manufacture components 
with the desired properties. 
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Fig. 9. Process Signatures as a tool to summarize the changes of 
relevant state variables on different scales. 
The authors propose Process Signatures as a new 
approach to comprehensibly characterize the influence 
of machining processes on the material modifications 
generated in the workpiece surface layer. Process 
signatures comprise correlations between the change of 
different state variables of the workpiece surface layer 
with the internal loads acting on the material during the 
manufacturing process. The internal loads are physical 
quantities such as strains, stresses, temperatures, etc. and 
shall enable a process independent description of 
material modifications generated in manufacturing 
processes. However, these quantities are at their highest 
degree of complexity time-dependent tensorial fields. In 
order to derive correlations with a practical relevance it 
will be necessary to reduce the mathematical complexity 
of the internal loading states. It is assumed that this will 
be possible by an energy-based description similarly to 
the von Mises yield criterion. 
Once the correlations between the loading state 
during the process and the resulting material 
modifications are established and the loading states 
themselves are correlated to the machining parameters of 
the considered manufacturing process, it will be possible 
to generate surface integrity states in a knowledge-based 
way rather than by trial and error. Moreover, it would 
already be possible to decide in the design phase of the 
product whether certain processes and/or process chains 
are appropriate to meet the surface integrity demands. It 
would even be possible to substitute manufacturing 
processes by others if the corresponding Process 
Signatures agree partially regarding the demanded 
surface integrity of the final part. 
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